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SUMMARY 

A n u m e r i c a l   s o l u t i o n   o f  an e l a s t o h y d r o d y n a m i c a l l y   l u b r i c a t e d  (EHL) l i n e  
contac t   be tween  two  long ,   rough-sur face   cy l inders   tha t   cons iders   the   f r i c -  
t i o n a l   h e a t i n g   o f   a s p e r i t i e s  was ob ta ined.   Pressure   d is t r ibu t ion ,   tempera-  
t u r e   d i s t r i b u t i o n ,  film th ickness  and EHL l o a d   f o r   g i v e n  speeds, l u b r i c a n t  
p r o p e r t i e s ,   m a t e r i a l   p r o p e r t i e s   o f   s u r f a c e s ,  and surface  roughness parame- 
t e r s  were t h e o r e t i c a l l y   s o l v e d   b y   s i m u l t a n e o u s   s o l u t i o n  o f  t h e   e l a s t i c i t y  
equat ion  and t h e   R e y n o l d s   e q u a t i o n   f o r   t w o   p a r t i a l l y   l u b r i c a t e d   r o u g h   s u r -  
faces.  The pressure  due t o   a s p e r i t y   c o n t a c t  was ca lcu lated  by  assuming a 
G a u s s i a n   d i s t r i b u t i o n  o f  s u r f a c e   i r r e g u l a r i t i e s .  The e l a s t i c   d e f o r m a t i o n  
used f o r  film thickness   computa t ion  was found   f rom  the   two   k inds   o f   p ressu re  
b y   p l a n e   s t r a i n   a n a l y s i s .  The t e m p e r a t u r e   r i s e   i n   t h e   c o n t a c t  zone was c a l -  
cu la ted   by   us ing   t he   B lok -Jaeger   f l ash   t empera tu re  model. The e f f e c t  of 
surface  roughness  on EHL l o a d   f o r   v a r i o u s   s l i d e - r o l l   r a t i o s ,   s u r f a c e   r o u g h -  
ness  parameters,   surface  patterns,  and temperature  parameters was s tud ied .  
It was found (1) t h a t   t h e  maximum t e m p e r a t u r e   r i s e   i n  most  cases  occurred i n  
t h e   i n l e t  zone  and ( 2 )  t h a t  minimum film thickness  decreased and maxirrluni 
temperature  increased as the  sur face  roughness was increased.  

INTRODUCTION 

I n  an e a r l i e r   r e p o r t   ( r e f .  1) t h e   e f f e c t   o f   t h e   s u r f a c e   r o u g h n e s s   o f  an 
i so the rma l ,   e las tohyd rodynamica l l y   l ub r i ca ted  (EHL) l i n e   c o n t a c t  was presen- 
ted.   In   heavi ly   loaded,   nonconformal   machine  e lements  under   e lastohydrody-  
namic l u b r i c a t i o n   t h e r e   i s  a p o s s i b i l i t y   o f   m u t u a l   i n t e r f e r e n c e   b e t w e e n   t h e  
two  sur faces.   A l though some energy i s   i n t r o d u c e d   i n  an elastohydrodynami- 
c a l l y   l u b r i c a t e d   c o n t a c t   b y   v i s c o u s   h e a t i n g  and compress ion   o f   t he   l ub r i -  
cant,   the  predominant  thermal  energy  source i s   f r i c t i o n a l   d i s s i p a t i o n  due t o  
a s p e r i t y   i n t e r a c t i o n .   F r i c t i o n a l   h e a t i n g   i n   t h e   t h i n - f i l m  zone increases 
the   tempera ture  and c o n s e q u e n t l y   d e c r e a s e s   t h e   v i s c o s i t y   o f   t h e   l u b r i c a n t .  
T h i s   g i v e s   r i s e   t o  a r e d u c t i o n   i n   t h e  film thickness .  I f  the  temperature i s  
h i g h  enough, t h e   l u b r i c a t i n g  film can f a i l .  Hence t h e   s t u d y   o f   t h e   t h e r m a l  
e f f e c t   i n   c o n c e n t r a t e d   c o n t a c t s   i s   i m p o r t a n t .  

f l a s h   t e m p e r a t u r e   o f  a s o l i d  as i t  passes  through a heat  source. Subse- 
quen t l y   Jaeger   ( re f .  3 )  p resented  a t h e o r y   f o r   e s t i m a t i n g   f l a s h   t e m p e r a t u r e ,  
and Archard   ( re f .  4)  gave a p rocedure   f o r   de te rm in ing   t h i s   t empera tu re .  A 
t h e o r e t i c a l   s t u d y   o n   t h e   t h e r m a l   s t a b i l i t y   o f   s u c h  a problem has  been made 
by   Chr i s tensen   ( re f .  5 ) .  He showed t h a t   t h e r e  was a p o s s i b i  1 i t y  o f   t he rma l  
i n s t a b i l i t y  because o f   t h e   r e d u c t i o n   i n  film t h i c k n e s s  and t h e   i n c r e a s e   i n  
the  degree of i n t e r f e r e n c e  of t h e   s u r f  aces.  Dyson ( r e f .   6 )   d i s c u s s e d   v a r i -  
ous  models o f   t h e   t h e r m a l   i n s t a b i l i t y   o f   r o u g h - s u r f a c e   c o n t a c t s .  More re -  
c e n t l y   P a t i r  and Cheng ( r e f .  7 )  gave a s o l u t i o n   f o r   t h e   i n l e t   r e g i o n  of an 
EHL l ine-contac t   p rob lem  tha t   cons idered  sur face   roughness  and temperature 
e f f e c t s .  

E x p e r i m e n t a l   s t u d i e s   o n   t h e   t e m p e r a t u r e   e f f e c t   i n  an EHL contact   have 
been  per formed  by  Orcut t   ( re f .  8) , Hami 1 t o n  and  Moore ( r e f .  9 )  , and Kannel 
and B e l l   ( r e f .  10). They ( r e f s .  8 t o  10) used a p l a t i n u m   w i r e  as t h e  tem- 
pe ra tu re   t ransducer  and  measured the   t empera tu re   o f  smooth s u r f a c e s   i n   l i n e  
con tac t .   Hami l t on  and  Moore ( r e f .  9)  f o u n d   t h a t   t h e  maximum temperature 
r i s e  was always a t   t h e   i n l e t  zone. Kannel  and B e l l   ( r e f .  10) used a more 
soph is t i ca ted   t ransducer  and  measured bo th   p ressu re  and temperature.  Winer 
and h i s   coworke rs   ( re f s .  11 t o  13) developed an i n f ra red   em iss ion   t echn ique  

Probab ly   B lok   ( re f .  2 )  was t h e   f i r s t   p e r s o n   t o  use  the  concept  of   the 



t o  measure t h e   t e m p e r a t u r e s   i n   s l i d i n g  and r o l l i n g   c o n t a c t s   f o r   b o t h  smooth 
and rough  surfaces. The experiments showed t h a t   t h e   t e m p e r a t u r e   i n   t h e   i n -  
l e t  zone cou ld   be  as much as 40° C above  ambient  temperature. 

The p resen t   s tudy   es t ima tes   t he  minimum film th ickness  and t h e   c o n t r i -  
b u t i o n   o f   e n e r g y   d i s s i p a t i o n  and l o a d   f o r  an EHL l i n e   c o n t a c t   w h i l e   t a k i n g  
i n to   cons ide ra t i on   t he   su r face   roughness   e f fec t .   A l though   the   me thod  of 
s o l u t i o n   i s   s i m i l a r   t o   t h a t  o f  re fe rence  1 i t  c o n s i d e r s   t h e   v a r i a t i o n  of 
v i s c o s i t y  due t o   t e m p e r a t u r e   r i s e   c a u s e d   b y   f r i c t i o n a l   h e a t i n g .   V i s c o u s  
h e a t i n g  and h e a t i n g  due t o   t h e   c o m p r e s s i b i l i t y   o f   t h e   l u b r i c a n t   a r e   n e g l e c -  
ted.  The e f f e c t s   o f   s l i d i n g  as w e l l  as r o l l i n g  speeds,  roughness parame- 
te rs ,   load ,  
p a t t e r n s  o f  

SYMBOLS 

E '  

Rb 
R S  

TO 

T C  

T 

Tb 

l u b r i c a n t   p r o p e r t i e s ,   m a t e r i a l   p r o p e r t i e s ,  and the  roughness 
EHL l i n e   c o n t a c t s   a r e   i n v e s t i g a t e d .  

h a l f   t h e   H e r t z i a n   c o n t a c t   l e n g t h ,  6 = b/R, m 
s p e c i f i c   h e a t   o f   m e t a l   s u r f a c e ,   J / k g  K 
modu us o f   e l a s t i c i t y   o f   m a t e r i a l  of   surfaces a and b, 

composite  modulus o e l a s t i c i t y ,  

mater ia ls   parameter ,  G = aE' 
nominal film thickness ,  H = h/R, m 
minimum film thickness,  Hmin = hmin/R, m 
c e n t r a l  film thickness ,  Ho  = ho/R, m 
average film thickness ,  m 
a cons tan t  
t h e r m a l   c o n d u c t i v i t y  of meta l ,  J/m K s 
mean hydrodynamic  pressure, P = p{E',  N /m2 
contact   pressure,  PC = pc /E ' ,  
mod i f iea   p ressure ,  Q = q / E ' ,  N / m  
e q u i v a l e n t   r a d i u s  o f  c y l i n d e r   p a i r ,  1 / R  = ( l / R a )  + 

r a d i i  o f   c y l i n d e r s  a and b, m 
s l i d e - r o l l   r a t i o ,  R s  = u s / u  
temperature, K 
t e m p e r a t u r e   o f   o i l   a t   i n l e t   c o n d i t i o n ,  K 
a constant ,  Tb = ( 8 0 ) / ( T o  + 81) 
heat ing  parameter ,  Tc = 2u (us I  fiE'/[~od= 
v e l o c i t y   o f   s u r f a c e s ,  u = (Ua + ub) /2 ;  u = 

e l a s t i c   d e f o r m a t i o n   o f   s u r f a c e s ,  V = v/R, m 
v a r i a n c e   r a t i o s ,  ( o , / o ) * ,  (ob /o)2  
a s p e r i t y   c o n t a c t   l o a d   p e r   u n i t   l e n g t h ,  W c  = w / E ' R ,  N / m  
hydrodynamic  load  per   un i t   length,  wh = wh/E'k, N / m  
t o t a l  EHL l o a d   p e r   u n i t   l e n g t h ,  W T  = W T / E ' R ;  

coord ina tes ,  S = s/R; X = x/R; X = x/b,  m 

p r e s s u r e - v i s c o s i t y   c o e f f i c i e n t ,  m 2 / N  
mean r a d i u s  o f  c u r v a t u r e   o f   a s p e r i t i e s ,  m 
constants ,  K 
sur face   pa t te rn   parameter  

N / m  

1 / E '  = 1 / 2  [(1 - va) /Ea 5 + (1 - vg) /Eb j ,  N / m 2  

3 

( U R b ) ,  m 

x ( f i  + V a l  
(Ua - ub) /2 ;  u = r l o U / ~ l ~ ;  us = n o u s / ~ ~ i i ,  m/s 

W T  = wh + WC, N / m  
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Yay Yb s u r f a c e   p a t t e r n   p a r a m e t e r   o f   s u r f a c e s  a and b 
nYnOYn1 c o e f f i c i e n t  o f  a b s o l u t e   v i s c o s i t y   o f   l u b r i c a n t ,  

lJ c o e f f i c i e n t   o f   f r i c t i o n  b e t w e e n   i n t e r a c t i n g   a s p e r i t i e s  

A hydrodynamic  roughness  para  eter, A = ho/O 

n o  = t h e  same a t   i n l e t   c o n d i t i o n ;  01 = a constant,N  slm 2 

e d imens ion less   tempera ture   r i se ,  e = T / B O  

P mass dens i t y   o f   me ta l ,   kg /m Y 
0 3  ua,cJb s tandard   dev ia t i ons   o f   roughness   amp l i t ude  of sur faces  a and 

b y  u = fer$ + u g  
@ S  s h e a r   f l o w   f a c t o r   a s s o c i a t e d   w i t h  a s ing le   su r face  
9x3 'py p ressu re   f l ow   fac to rs  
' p S  s h e a r   f l o w   f a c t o r   a s s o c i a t e d   w i t h   t w o   s u r f a c e s  
va,vb P o i s s o n ' s   r a t i o   o f   m a t e r i a l  of sur faces  a and b 

THEORY 

(a) Two heavily loaded, long  rough-surface  cylinders. (b) Equivalent  cylinder  near  a  plane. 

Figure 1. - Elastohydrodynamic  contact. 
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The mean hydrodynamic  pressure i s  f ound   f rom  the   s imu l taneous   so lu t i on  
of   the  average  Reynolds  equat ion and t h e   e l a s t i c i t y   e q u a t i o n .  The govern ing 
e q u a t i o n   f o r   h y d r o d y n a m i c   p r e s s u r e   f o r   r o u g h   s u r f a c e s  when side  leakage and 
l o c a l  squeeze  terms  are  neglected  can  be  wr i t ten as ( r e f .  7 )  

where 

‘PX p ressu re   f l ow   fac to r  
hT average  gap 
U s t a n d a r d   d e v i a t i o n  
‘PS shear   f l ow   fac to r  

and HT i s   g i v e n   b y  

2 

0 2R 
h = h  + - + V  X 

where 

R e q u i v a l e n t   r a d i u s   o f   c u r v a t u r e  of t h e   p a i r   o f   c y l i n d e r s  
h0 c e n t r a l  film th ickness  

V e l a s t i c   d e f o r m a t i o n   o f   c y l i n d e r s  

The c o e f f i c i e n t   o f  dynamic v i s c o s i t y  T-I i s  assumed t o  be v a r i e d   w i t h  
p ressure  and t e m p e r a t u r e   a c c o r d i n g   t o   t h e   f o l l o w i n g   e x p r e s s i o n s :  

= T-Ile aP 

and 

where 

Q p r e s s u r e - v i s c o s i t y   c o e f f i c i e n t  

80, B 1  cons tan ts  
“70 v i s c o s i t y   a t   i n l e t   c o n d i t i o n  where t h e   p r e s s u r e   i s   a t m o s p h e r i c  

4 



..  .. . 

T To + A T  
TO i n l e t   t e m p e r a t u r e  
AT r i s e   i n   t e m p e r a t u r e  

By us ing   equa t ion   (4 )  and l e t t i n g  (Ua -t Ub)/2 = u  and  (Ua - u b ) / 2  = Us, 
equat ion  (1)   can be w r i t t e n  as 

where 

The pressure  f l o w  and  shear f l o w   f a c t o r s  'px and 'ps have  been 
f o u n d   b y   P a t i r  and Cheng ( r e f .   1 4 )   t h r o u g h   f l o w   s i m u l a t i o n  o f  rough  surfaces 
h a v i n g   G a u s s i a n   d i s t r i b u t i o n   o f   s u r f a c e   h e i g h t .  The 'px f o r   v a r i o u s  
r o u g h n e s s   p a t t e r n s   i s   g i v e n   b y   t h e   f o l l o w i n g   e m p i r i c a l   r e l a t i o n s h i p :  

and > 

where C and r are   cons tan ts  and  can  be found i n   r e f e r e n c e  14. The shear 
f l o w   f a c t o r  'ps i s  a f u n c t i o n   o f   h / u ,   t h e   s t a n d a r d   d e v i a t i o n s ,  and t h e  
s u r f a c e   p a t t e r n s  of t h e   s u r f a c e s  a  and b. P a t i r  and Cheng ( re f .   14)   have 
shown t h a t   t h e   s h e a r   f l o w   f a c t o r  'ps v a r i e s   l i n e a r l y   w i t h   ( u ~ / u ) ~  
and  (Ub/U)2 and can  be  expressed i n   t h e   f o l l o w i n g   f o r m :  

The o s  i s   g i v e n   b y  

and 



where AI, A2, aiy 02, 0 3 ,  and a4 a r e   c o n s t a n t s   t h a t   c a n   b e   f o u n d   i n   r e f e r -  
ence 14. 

The r a t i o s   ( u a / u ) 2  and   (Ob /U)2   a re   ca l l ed   t he   va r iance   ra t i os   o f   su r -  
f a c e s  a and b and are  denoted  by Vra and  Vrby r e s p e c t i v e l y .  The var iance 
r a t i o   o f   s u r f a c e  a can  be w r i t t e n   a s  

2 2 

'ra - - (2) = 1 - (2) 
s ince  

If both   sur faces   have  the  same sur face   pa t te rn   parameter ,   equat ion  (9 )  
reduces   t o  

By combining  equat ions (10) and ( l l ) ,  'ps can  be  expressed  as 

When t h e r e   i s   s l i d i n g ,   t h e   e f f e c t   o f  8 comes i n t o   t h e   p i c t u r e  and Vra 
becomes a parameter. I f  one o f   t h e   s u r f a c e s   i s  smooth, Q~ i s  e i t h e r  a pos- 
i t i v e   o r  a nega t i ve   quan t i t y .  The p h y s i c a l   s i g n i f i c a n c e   o f  Q s  becomes 
c l e a r e r  when t h e   s i g n i f i c a n c e   o f   t h e   t h r e e   v a l u e s   o f   v a r i a n c e   r a t i o ,  namely, 
Vra = 1, 0.5, and 0, i s  understood. The v a r i a n c e   r a t i o   V r a  = 1 corresponds 
t o   t h e   c a s e  shown i n   f i g u r e   2 ( a ) ,  where the   rough   su r face  I S  moving   fas te r  

r Rough rSmooth 
;' surface -ua / surface 

LSmooth "+Ub 
surface  LRough -"b 

surface 
(a) Rough  surface  moving  faster  than b) Smooth surface  moving 

smooth one, Vra = 1; ua > Ub; faster than  rough one. 
9, = +ve. V r a  = 0; ua > Ub; as = -ve. 

(c) Two surfaces  have  equal  roughness, Vr, = I). 5; 
ua = Ub; = 0. 

Figure 2. - Surface  roughness  configurations in sliding. 

6 



t h a n   t h e  smooth one. Conversely,  Vra = 0 represents  a case  where t h e  smooth 
s u r f a c e   i s   m o v i n g   f a s t e r   t h a n   t h e   r o u g h  one ( f i g .   2 ( b ) ) .  And  when Vra = 0.5, 
t he   two   su r faces  have  equal  roughnesses ( i  .e. , aa = ab ) )  a s  = O ( f i g .   Z ( C ) )  

I n t r o d u c i n g   e q u a t i o n   ( 1 2 )   i n   t o   e q u a t i o n   ( 6 ) ,  we ge t  

a a hT a@ ax (qx -q h3 ax) = 12u ax + 12usu(2vra - 1 )  ax S 

I t  i s  shown i n   r e f e r e n c e  1 t h a t   t h e   e x p r e s s i o n   f o r  ahT/ax  can  be w r i t t e n  
i n  terms  o f   nominal  film th ickness  h  as 

S u b s t i t u t i o n   o f  ahT/ax i n t o   e q u a t i o n   ( 1 3 )   y i e l d s  

a 3 

1 

S 
qx 0 ax h 2 = 12u + 12usu(2vra - 1 )  - ax 

By u s i n g   t h e   s u b s t i t u t i o n s  X = x / R ,  H = h/R, Q = q/E‘ ,  A = ho/a, and 
HO = ho/R, equat ion   (15)  i s  nondlmensional ized. The dimensionless  form 
o f   e q u a t i o n   ( 1 5 )  i s  w r i t t e n  as 

To express ‘11 i n  te rms   o f  ‘10, t he   e f fec t   o f   t empera tu re   on   v i scos i t y  
has t o  be considered. 

Le t   us  now p u t  e = ( a T / ~ o )   i n t o   e q u a t i o n  ( 5 ) .  The exp ress ion   f o r  
‘11 then  can be w r i t t e n  as 

‘11 = exp F b  (&v - ’)] 
where 

S u b s t i t u t i n g   e q u a t i o n  (17 )  i n t o   e q u a t i o n   ( 1 6 )   y i e l d s  

7 



r 

where 

and 

Equation (18) can  also be written in the  following form: 

To know H, we  have to  find  the  elastic  deformation of the cylinders. 
The deformation v is calculated for a semi-infinite  solid in a  state of 
plane strain. The  equation of deformation for two  cylinders is  (ref. 1) 

where 

v = E  V 

8 



ana 

s = E  S 

The p r o c e d u r e   f o r   c a l c u l a t i n g  V i s  shown i n   d e t a i l   i n   r e f e r e n c e  1. A f t e r  
V i s  i n t r o d u c e d   i n   e q u a t i o n  ( 3 ) ,  the   d imens ion less  film thickness  H will 
be  given  by 

B e f o r e   f i n d i n g  a s o l u t i o n   o f   e q u a t i o n  (19) f o r   p a r t i c u l a r   v a l u e s  of 
A ,  Ho, U, R and T we must  express e i n  te rms  o f  X. Using  the  modi-  
f i e d   f o r m   o ? ' B l o k ' s   P i a s h   t e m p e r a t u r e   m o d e l   ( r e f .  7) ,  we can  express  the tem- 
p e r a t u r e   r i s e  e (= AT /BO)   by   t he   equa t ion  

f s2 PC(S) 
I dS 

where 

and PC i s   t h e   d i m e n s i o n l e s s   c o n t a c t   p r e s s u r e ,  PC = p / E ' .  There fore  8 can 
be   ob ta ined   a f te r   eva lua t i ng   t he   con tac t   p ressu re .  Tke contact   pressure  has 
been es t ima ted   by   us ing  a method g iven  by Greenwood  and T r i p p   ( r e f .  15)  and 
by  re ference 1. 

Now knowing H, (pX, and e, we can  so lve   equat ion  (14)  by f i n i t e   d i f f e r -  
ence  methods f o r   g i v e n   v a l u e s   o f  G, U, R , A ,  Ho, T , and Tc. The boundary 
c o n d i t i o n s  used  are  Reynolds  boundary  conai t ions.   Tke  detai ls  of   the  method 
can  be  found i n   r e f e r e n c e  1. The Q d i s t r i b u t i o n   i s   t r a n s f o r m e d   t o  P d i s -  
t r i b u t i o n   f r o m  

H a v i n g   o b t a i n e d   t h e   p r e s s u r e   d i s t r i b u t i o n ,  we can  ca lcu late  the  hydrodynamic 
l oad   f rom 

'h - - f S 2 p d x  
s1 

o r  

9 
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Wh " 6  Jb2 l n ( 1  - GQ) dX 
s1 

where 

'h w = -  h E ' R  

The c o n t a c t   l o a d   i s  

w C = k" PC dx 

or 

where 

and 

wC w = -  
c E ' R  

The i n t e g r a t i o n s   o f   e q u a t i o n s  (25 )  and (27)   are  per formed  numer ica l ly   by 
Simpson's  ru le.  The t o t a l   d i m e n s i o n l e s s  EHL load W T  i s  

WT w = -  
T E ' R  

where 

RESULTS AND DISCUSSION 

From t h e   t h e o r y  i t  can be  seen t h a t   t h e r e   a r e   t w o   k i n d s  of d imensionless 
parameters - p a r a m e t e r s   r e l a t i n g   t o  EHL and those due to   t he   su r face   rough-  
n e s s   e f f e c t   i n c l u d i n g   f r i c t i o n a l   h e a t i n g .  The EHL parameters  are W u, H, 
R , and G. The other  parameters  are Wc, A ,  Vra, a l p ,  y, Tc, and 9;. 
Tgus bo th  film thickness  and tempera tu re   a re   f unc t i ons   o f  WT, U, R,, G, A ,  

10 



V U / B ,  y, Tc and Tb. From t h e   f o r e g o i n g   t h e o r y  EHL load, film t h i c k n e s s  
a L i ’ t e m p e r a t u r e   r i s e   w e r e   c a l c u l a t e d   f o r   v a r i o u s  speeds, s l i d e - r o l l   r a t i o s ,  
roughness  parameters,   var iance  ra t ios,   sur face  pat terns,  and h e a t i n g  and ma- 
t e r i a l s   p a r a m e t e r s  and a r e   p r e s e n t e d   i n   f i g u r e s  3 t o  12 and t a b l e s  I t o  111. 
The parameters G, U, R s ,  A ,  a!$, Vra,  and  Tc cover  a w i d e   r a n g e   o f   p r a c t i -  
c a l   s i t u a t i o n s .   I n   t h e   f o l l o w l n g   p a r a g r a p h s   t h e   e f f e c t   o f  some o f  these pa- 
rameters i s discussed. 

E f f e c t   o f  Hydrodynamic Roughness Parameter 

The t o t a l  EHL load   dec reased   w i th   i nc reases   i n   t he   su r face   roughness  
( f i g .  3) .  (The  smal le r   the   va lues   o f  A ,  t h e   h i g h e r   i s   t h e   s u r f a c e   r o u g h -  
ness).  The  minimum film t h i c k n e s s   d e c r e a s e d   s l i g h t l y  as the  surface  rough- 
ness was i n c r e a s e d   ( f i g .  4) ,  and t h e  maximum t e m p e r a t u r e   r i s e   i n c r e a s e d   w i t h  
i n c r e a s e s   i n   t h e   s u r f a c e   r o u g h n e s s   ( f i g .  5 ) .  The v a r i a t i o n   o f  EHL load,  min- 
imum film thickness,  and maximum temperature  wi th   the  roughness  parameter  A 
f o r   v a r i o u s   m a t e r i a l s   p a r a m e t e r s  G i s   a l s o  shown i n   f i g u r e s  3 t o  5 f o r   c e r -  
t a i n   i n p u t   c o n d i t i o n s .  The t r e n d  of EHL l o a d  and  minimum film t h i c k n e s s   w i t h  
U, G, and A was found t o  be s i m i l a r   t o   t h a t   o b s e r v e d  when the   tempera ture  
e f f e c t  was no t   cons ide red   ( re f .  1). I n   f i g u r e  6 t h e   d i s t r i b u t i o n  of temper- 
a t u r e   r i s e   i s   p l o t t e d   f o r   t w o   r o u g h n e s s   p a r a m e t e r s  ( A  = 1 and 2 )  and two ma- 
t e r i a l s   p a r a m e t e r s  ( G  = 5000 and 7500). The maximum tempera ture   r i se   a lways  
o c c u r r e d   i n   t h e   i n l e t  zone of t he   Her t z ian   con tac t .   S im i la r   obse rva t i ons   have  
been made exper imenta l l y   by   Hami l ton  and  Moore ( r e f .  9 ) .  A l though i n   r e f e r -  
ence 11 i t  was g i v e n   t h a t   t h e  maximum t e m p e r a t u r e   r i s e   w o u l d   o c c u r   n e a r l y   i n  
t h e   e x i t  zone, J a e g e r   ( r e f .  3 )  showed t h a t   h i s  model c o u l d   g i v e   t h e  minimum 
t e m p e r a t u r e   r i s e   i n   t h e   i n l e t  zone. 

E f f e c t  o f   Var iance  Rat io  Vr, 

The EHL load,  minimum film thickness,  and maximum t e m p e r a t u r e   r i s e   a r e  
p l o t t e d   i n   f i g u r e s  7 t o  9 f o r   t h r e e   v a r i a n c e   r a t i o s  (V a = 1, 0.5, and 0).  
The EHL l o a d   d i d   n o t  change s i g n i f i c a n t l y  when V r  cLanged  from 0 t o  0.5. 
But when the   rough  sur face  was moving f a s t e r   t h a n   t h e  smooth  one ( i  .e., when 
Vra = l.O), t h e  EHL load  d ropped  ( f ig .  7 ) .  However, t h e r e  was l i t t l e   o r  
no v a r i a t i o n   i n  minimum film t h i c k n e s s   w i t h  t h e  change o f   v a r i a n c e   r a t i o  
( f i g .  8). The t e m p e r a t u r e   r i s e  was h i g h e s t  f o r   V r a  = 1.0, l owes t   f o r  
Vra  = 0.5, and i n t e r m e d i a t e   f o r   V r a  = 0 ( f i g .  9) .  

E f f e c t   o f   S u r f a c e   P a t t e r n   P a r a m e t e r  Y 

I n   f i g u r e s  10 t o  12 t h e   v a r i a t i o n s   i n  EHL load,  minimum film thickness ,  
and maximum t e m p e r a t u r e   r i s e   a r e  shown f o r   v a r i o u s   s u r f a c e   p a t t e r n  parame- 
t e r s .  The s u r f a c e   p a t t e r n   p a r a m e t e r s  y o f  1/6, 1, and 6 represent   t rans-  
v e r s e l y   o r i e n t e d ,   i s o t r o p i c ,  and l o n g i t u d i n a l l y   o r i e n t e d   s u r f a c e s ,   r e s p e c -  
t i v e l y .   F o r  a p a r t i c u l a r   s e t   o f   i n p u t   c o n d i t i o n s ,   l o n g i t u d i n a l l y  and t rans-  
ve rse l y   o r i en ted   su r faces   gave  maximum and  minimum EHL load ,   respec t i ve l y  
( f i g .  10). The sma l les t   va lue  o f  minimum film t h i c k n e s s  was o b t a i n e d   f o r  
i s o t r o p i c   s u r f a c e s   ( f i g .  11). The maximum t e m p e r a t u r e   r i s e   i n c r e a s e d   a t  a 
s t e e p e r   r a t e   w i t h   i n c r e a s i n g  A f o r   t h e   l o n g i t u d i n a l l y   o r i e n t e d   s u r f a c e  
( f i g .  12). The  curves   represent ing  y o f  1/6 and 1 are, f o r   a l l   p r a c t i -  
c a l  purposes ,   iden t ica l .  

11 



Materials Central 
parameter, f i lm 

G thickness, 

3 5 ~ 1 0 - ~  HO r 2500 15 .0~10-~  
"" m r n 8  -"" 7500 27.0 

'"i;"J ,/ 

5 1  1 2 3 4 5 6 

Roughness parameter, A 

Figure 3. - Variation of EHL load with  roughness  parameter 
for  various  materials  parameters. y = 1; O/P = 0. ooO1; 
U = 1 0 - 1 1 m / s ; R S - 0 . 5 ; T c - 3 ~ T b - 5 ; V r a ~ 0 . 5 .  

E 
i 

X 

a 

.- 
L 

6 ~ 1 0 - ~  
Materials 
parameter, 

G 

2500 
m 
7500 

"_ 
"" 

2L O1 2 3 4 

Central  f i lm 
thickness, 

HO 

27. 
20.8 
15.0 

5 6 
Roughness  parameter. A 

Figure 5. - Variation of maximum  temperature  rise  with 
roughness  parameter  for  various  materials  parameters. 
y = 1; a / b =  O.OOO1; U = mls; R, = 0.5; Tc = 3ooo; 
Tb = 5; vra 0.5. 

Materials Central  f i lm 
Parameter, thickness, 

G HO 

m 15. "_ 5OOo 20.8 
7500 27.0 

%lo-6 

"""" """ 4"" 

I I"""" 

vi z c 20t" _"""_ """" - 
24 

Roughness  parameter, A 

Figure 4. - Variation of minimum  f i lm  thickness  with  rough- 
ness  parameter  for  various  materials  parameters. y =  1; 
O/b = 0. m1; u = m/S; R, a 5;  Tc I 3ooo; Tb * 5; 
v, - 0.5. 

Rough ness 
parameter, 

W - 
a,- - 

- .- 
L 

HO a, 

parameter, thickness, 
c 3 

Materials  Central  film 1 
2 

E 

- 
- G 

a 
5000 5.0~10-4 
7500 6.3 ""_ 

X = x/R 

Figure 6. -Temperature  distribution in contact zone. y = 1; 
o /p=o .ooo l ;   u=10-9m/s ;  R ~ = O . ~ : T ~ = B ~ ~ ; T ~ ~ ~ ;  vra= l ,  

12 



" 

I 

Velocity. U; 
central film 

" "" 

""- 

Variance 
ratio. 
Vra 

"" 0 
.5 
LO "- 

I I 1 
1.5 2.0 2.5 3.0 

Roughness  parameter, A 

Figure 7. -Variation of EHL load with roughness  parameter  for  various 
variance  ratios. y - 1; G - 5000; alp - Q0001; R, - 0.5; T, - 3OOO; 
Tb 5. 

13 



103x10-6 Velocity. U; 
central  f i lm 

thickness, Hg 

500x10-6 

c .- 
I 
E i 

Y 
U 

10-10; 102.2x10-6 
/ 

ratio, 
Vra ""_ 0 
.5 

1.0 "- 
- 
""""-9 """" 

20.8~10-~ 

9 . 0  1.5 2.0 2.5 3.0 
Roughness parameter, A 

Figure 8. - Variation of minimum  film  thickness  with  roughness 
parameter  for  various  variance ratios. y = 1; G = 5000; 
o/p 0. 0001; R, = 0.5; Tc = 3ooo;  Tb = 5. 

Variance 
ratio, 
Vra -"" 0 

.5 "- 11 0 

2 
u 
.5 PO " ~ 

Roughness parameter. A 

Figure 9. - Variation of maximum  temperature  rise with roughness para- 
meter  for  various  variance ratios. y = 1; G = 5000; o/g = 0001; 
R, = a5; T, = 3000; T~ = 5. 



%lo-6 r 
Surface 
pattern 

parameter, 
Y 

rll6 

20 6 

15 - 
1 

’I- 
O L 

1 . 0  
1 
1.5 

I 
2.0 

I 
2.5 3.0 

Roughness  parameter, A 

Figure 10. - Variation of EHL load with  roughness parameter for  various 
surface patterns. G = MOO; o/g = 0. Oool; Rs = a 5; Tc = M o o ;  vra - a 5. 

3GX10-6 r 

l 0 L  ~~ 

1.0 
Roughness parameter, A 

Figure 1L -Variation of minimum  film thickness with  roushness para- 
meter for  various surface patterns. G = MOO; o/g = a Oool; R, - a 5: 
T, = 3000; vra = a 5. 

Surface 
pattern 

parameter, 

Roughness  parameter. A 

Figure 12. - Variation of maximum  temperature  r ise  with  rough- 
ness  parameter  for  various  surface  patterns. G = 5000; 
U l ~ - Q M K I l ;  R,-Q5;  Tc=3000;  Tb’5;  Vra=Q5. 

15 

A 



E f f e c t   o f   H e a t i n g   P a r a m e t e r  Tc 

I n   t a b l e  I t h e   v a r i a t i o n   o f  minimum film th ickness  and maximum tempera- 
t u r e   r i s e   f o r   t h r e e   h e a t i n g   p a r a m e t e r s   ( T c  = 50, 3000,  and 6000) i s  shown, 

= A l though   the  minimum film t h i c k n e s s   d i d   n o t  change  apprec iab ly   w i th  Tc, t h e  
t e m p e r a t u r e s   r o s e   w i t h   i n c r e a s e s   i n   t h e   h e a t i n g   p a r a m e t e r s .   T h i s   i s   e v i d e n t  
f r o m   t h e   p h y s i c a l   p o i n t   o f   v i e w .  

E f f e c t   o f   S u r f a c e   C o n t a c t  Roughness  Parameter U/B 

The h i g h e r   t h e   v a l u e   o f  a/@, the   rougher  i s   t h e   s u r f a c e .  The r i s e   i n  
maximum tempera ture   inc reased  w i th   inc reases  i n   t h e   v a l u e   o f  U / B .  The 
minimum film t h i c k n e s s   a l s o   f e l l   s l i g h t l y  as U / B  was inc reased   ( t ab le   11 ) .  

E f f e c t   o f   S l i d e - R o l l   R a t i o  R s  

The s l i d e - r o l l   r a t i o  Rs  = 0 c o r r e s p o n d s   t o  a p u r e - r o l l i n g  case. The 
e f f e c t   o f  R s  on Hmin  and emax f o r   v a r i o u s  V i s  g i v e n   i n   t a b l e  111. 
When both   sur faces  had t h e  same roughness  strucfuare ( i  .e. , Vri = 0.5), bo th  
minimum film thickness  and maximum t e m p e r a t u r e   r i s e   d i d   n o t  c ange w i t h   t h e  
s l i d e - r o l l   r a t i o .  The minimum film thickness  decreased as t h e   s l i d e - r o l l  
r a t i o  was i n c r e a s e d   f o r   v a r i a n c e   r a t i o s   V r a   o f  0 and  1.0. On t h e   o t h e r  
hand t h e  maximum tempera ture   r i se   d ropped when V r a  = 0 and increased when 
Vra = 1.0. 

EXAMPLE 

From t h e   t e m p e r a t u r e   d i s t r i b u t i o n  8 i t  i s  sometimes d i f f i c u l t   t o  es- 
t i m a t e   t h e   q u a n t i t a t i v e   v a l u e   o f   t e m p e r a t u r e   r i s e   i n   t h e   c o n t a c t  zone.  The 
f o l l o w i n g  example i l l u s t r a t e s  a c a l c u l a t i o n   p r o c e d u r e   f o r   f i n d i n g  AT. 

Two heav i l y   l oaded   cy l i nde rs   hav ing   su r face  a rough and surface b 
smoo th   a re   l ub r i ca ted   under   t he   f o l l ow ing   cond i t i ons :  

C y l i n d e r   r a d i i ,  Ra = 0.033 m, Rb = 0.05 m 
V e l o c i t y  o f   su r face   o f   cy l i nde r  a,  Ua = 9 m/s 
V e l o c i t y   o f   s u r f a c e   o f   c y l i n d e r  b, Ub = 4 m/s 
Mean c o e f f i c i e n t   o f   f r i c t i o n   f o r  a contact   between  asper i t ies ,  u = 0.5 
Equ iva len t  mo l u s   o f   e l a s t i c i t y   o f   c y l i n d e r   m a t e r i a l s ,  

D e n s i t y   o f   m a t e r i a l ,  p = 8x103  kg/m3 
Therma l   conduc t i v i t y   o f   ma te r ia l ,  k = 10 J/m K s 
S p e c i f i c   h e a t   o f   m a t e r i a l ,  c = 100 J / k  K 
Cent ra l  film thickness,  ho = 0 . 4 1 6 ~ 1 0 - ~  m 
P r e s s u r e - v i s c o s i t y   c o e f f i c i e n t   o f   l u b r i c a n t ,  a = 2 . 2 7 ~ 1 0 - ~  m 2 / N  
V i s c o s i t y   o f   l u b r i c a n t ,  110 = 0.0068 Pa s 

E '  = 2 . 2 ~ 1 0 ~ ~  N/m2 

From  these  data and BO = 2050 K, t he   f o l l ow ing   pa ramete rs   a re   ca l cu la ted :  

Dimensionless  speed  parameter. 

u 10-11 
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TABLE I. - VARIATION OF MINIMUM FILM THICKNESS AND MAXIMUM TEMPERATURE 

Sur f  ace 

10x10-12 

~~~ ~ ~ ~ 

Cant ra l  
film 

thickness, 

m 
Ho 9 

20.80~10-6 

R I S E  FOR VARIOUS HEATING PARAMETERS 

[ y  = 1; G = 5000; o / B  = 0.0001; R s  = 0.5;  Tb = 5; vra = 0.5.1 

Hydro- Heating  parameter, Tc 
dynamic 

roughness - parameter, 
6000 3000 50 

A Values o f  minimum film thickness, m, and maximum 
temperature  r ise,  K 

Hmi  n emax Hmi n emax Hmi n e max 

1 5 .440~10-~   17 .87~10-~   2 .597~10-3  1 8 . 3 9 ~ 1 0 - ~   0 . 4 3 8 ~ 1 0 - ~   1 7 . 9 6 ~ 1 0 - ~  
2 

.003 20.23 . O O l  20.23 0 20.23 3 

.398 17.76 .220 17.79  .003  17.76 

TABLE 11. - VARIATION OF MINIMUM FILM THICKNESS AND MAXIMUM TEMPERATURE R I S E  FOR VARIOUS RATIOS 

OF PRESSURE-VISCOSITY COEFFICIENT TO FIEAN RADIUS OF CUKVATURE OF ASPERITIES 

[ y  = 1; G = 5000; R, = 0.5; Tc = 3000; Tb = 5.1 

Sur f  ace o / B  = 0.01 o / B  = 0.0001 Hydro- Cen t ra l  
ve loc i t y ,  dynamic film 

u, Values o f  minimum film thickness, m, and roughness th ickness,  
m/s maximum temperature  r ise,  K parameter, HO 3 

m A 

Hmi n emax Hmi n emax 

I 10x10-12 1 2 0 . 8 0 ~ 1 0 - ~  I 1 

18 .39~10-~   2 .289~10-~   18 .35~10-b   3 .412~10-3  
2 17.79 I I 20.39 I I 20.23 3 

17.72 



TABLE 111. - VARIATION OF MINIMUM FILM THICKNESS AND MAXIMUM  TEMPERATURE 

FOR VARIOUS SLIDE-ROLL  RATIOS AND VARIANCE RATIOS 

[ y  = 1; G = 5000; o / @  = 0.0001; U = m/s; HO = 20.8~10-6 m; Tc = 3000, Tb = 5.1 

Var iance 
r a t i o ,  

Vra 

0 

.5 

1.0 

Hydro- 

0.5 0 roughness 
dynamic 

S l i d e - r o l l   r a t i o ,  R s  

parameter, 
A Values o f  min imum. f i lm  th ickness ,  m, 

H m i  n 

1 8 . 4 0 ~ 1 0 - ~  
17.79 
20.23 

18.40 
17.79 
20.23 

18.40 
17.79 
20.23 

emax 

2 . 3 9 7 ~ 1 0 - ~  
.223 
. O O l  

2.289 
.218 
.001 

2.289 
.218 
.001 

T 7 
and maximum t e m p e r a t u r e   r i s e ,  K 

Hmi n 

1 7 . 4 8 ~ 1 0 - ~  
17.55 
20.25 

18.40 
17.79 
20.23 

18.13 
18.59 
20.11 

emax 

2 . 3 7 1 ~ 1 0 - ~  
.223 
.001 

2.289 
.218 
.001 

3.231 
.169 
.002 

D imens ion less   cen t ra l  film thickness.  

Ho = 2 0 . 8 ~ 1 0 - ~  

Dimensionless  mater ia ls  parameter.  

G I 5000 

Heat ing  parameter.  

CONCLUSIONS 

From the   da ta   p resented   here in   the   fo l low ing   conc lus ions   were   d rawn:  
1. The e las tohydrodynamic   load   fo r  a c o n s t a n t   c e n t r a l  film th ickness  

2. Minimum film thickness  decreases  wi th   increas ing  roughness.  
3. The maximum r i s e   i n   t e m p e r a t u r e   i n c r e a s e s   w i t h   i n c r e a s i n g   s u r f a c e  

4. The l o c a t i o n   o f  maximum temperature i s  always i n   t h e   i n l e t  zone. 

decreases  wi th  increasing  hydrodynamic  surface  roughness. 

roughness. 
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5. The minimum film thickness decreases as the cylinders start sliding from 

6. Film  thickness and temperature rise are independent of the slide-roll 

7. When the  rough surface is  moving faster  than  the smooth one (variance 

8. ?here is no significant change in minimum fi lm thickness when Vra 

pure rolling. 

ratio for surfaces with  equal roughness structures. 

ratio Vr = l ) ,  the temperature increases for higher  slide-roll  ratios. 

varies from 0 to 1. 

Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio, November 2,  1981 
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